OBJECTIVES: Our aim was to evaluate whether early timing of total cavopulmonary connection (TCPC) affects postoperative outcomes.
INTRODUCTION
The current palliative surgical management for patients with a single ventricle culminates in a staged Fontan procedure using bidirectional cavopulmonary shunt (BCPS) and subsequent total cavopulmonary connection (TCPC). Excellent midterm results following TCPC have been reported from our centre [1] and from other institutions [2] [3] [4] . The staged Fontan procedure is now being safely performed in younger patients between 1 and 2 years of age.
In the early era of the Fontan procedure, young age was seen as a risk factor for early mortality. In 1978, Choussat et al. [5] suggested 10 preoperative criteria for a successful Fontan, including a patient age between 4 and 16 years. Indeed, an age younger than 4 years was identified as an independent risk factor for early postoperative mortality [6] . However, Kirklin et al. [7] in 1986 advocated for performing the Fontan procedure at a younger age, between 2 and 4 years, because surgery at an older age is associated with chronic volume loading of the functional single ventricle and progressive cyanosis. In 1992, Weber et al. [8] reported good results for 17 Fontan operations performed at less than 2 years of age. After the introduction of the staged Fontan procedure, the TCPC procedure was gradually advanced to younger ages between 1 and 2 years, and recent studies report the feasibility of TCPC in patients younger than 18 months of age [9] or weighing less than 10 kg [10, 11] . However, performing the Fontan operation at an earlier age remains controversial [12, 13] and the benefit of early Fontan completion is not clearly understood.
The timing of surgical staging has been set rather arbitrarily, particularly for the transition from BCPS to TCPC. If this transition can be accomplished at an early age, both the consequences of persistent cyanosis and the potential for paradoxical embolization can be minimized. On the other side, there are concerns that early completion puts the abdominal venous return earlier to higher pressures and might provoke protein-losing enteropathy (PLE) or liver cirrhosis earlier. It is also well known that pulmonary vascular development is essential for a successful TCPC. Early completion of TCPC might increase the risk for late complications.
The present study was undertaken to evaluate our experience with early timing of Fontan completion and its effect on postoperative outcomes and exercise capacity.
MATERIALS AND METHODS
This retrospective study evaluated 460 consecutive patients who underwent TCPC at the German Heart Center Munich between May 1994 and December 2015. The institutional review board of the Technical University of Munich approved the study. We reviewed medical records including hospital and outpatient notes, laboratory data, cardiac catheterization notes and the findings of noninvasive imaging.
According to the previous study by Pizarro et al. [9] , patients were divided based on the timing of TCPC, into group A (TCPC before or at 18 months of age, n = 51) and group B (TCPC after 18 months of age, n = 409). During the study period, our institutional policy changed towards an earlier timing of TCPC (Supplementary Material, Fig. S1 ). Patient's preoperative characteristics and cardiac catheterization data are shown in Tables 1 and 2 , respectively. Patients' atrioventricular valve (AVV) morphology data are shown in Supplementary Material, Table S1 . There was no significant difference between the groups in primary diagnosis (P = 0.749), type of dominant ventricle (P = 0.133), or atrioventricular morphology (P = 0.060).
Operative techniques
Operative techniques for TCPC were described in our previous report [1] . Fenestration was not performed routinely, and only applied on extreme high-risk patients [1, 14] .
Follow-up data
Patients were followed up by paediatric cardiologists in an outpatient setting, and the final follow-up (mortality) was done in March 2016. Cause of death, data from physical examination, electrocardiography, and transthoracic echocardiography were regularly tracked using our institutional Fontan patient database. Postoperative cardiac catheterization was not undertaken as a routine investigation and only performed if a patient required haemodynamic evaluation or an interventional procedure. Cardiopulmonary exercise-capacity testing was performed in patients above 8 years of age.
Echocardiography
Echocardiography consisted of a standard 2D echo protocol including colour and pulsed-wave Doppler echocardiographic assessment. Atrioventricular valve regurgitation was graded by mapping the dimensions of the regurgitation jet with colour flow Doppler echocardiography, and it was graded from 0 to 4 as follows: 0 = none, 1 = trivial, 2 = mild, 3 = moderate, 4 = severe. MMode assessment of systemic ventricular function was performed.
Cardiopulmonary exercise capacity testing
A symptom-limited cardiopulmonary exercise test on a bicycle was performed in an upright position, according to our institutional protocol [15] . Peak oxygen uptake (VO 2 ) was defined as the highest mean uptake of any 30 s time interval during exercise. Age-and sex-related reference values were calculated according to the method described by Müller et al. [16] .
Identification of factors influencing early Fontan completion and exercise capacity
To identify factors delaying the timing of TCPC later than 18 months and to evaluate factors influencing high exercise capacity (predicted VO 2 more than 70%), we used the parameters related to the patient's diagnosis, morphology, type of palliative surgery, and preoperative conditions (Supplementary Material, Table S2 ).
Statistical analysis
Continuous variables were expressed as means ± standard deviations, or as medians with interquartile ranges (25th percent75th percent), as appropriate. An independent sample t-test was used to compare normally distributed variables; the MannWhitney test was used for variables that were not normally distributed. The Chi-square test was used for categorical data. Estimated survival was determined using the Kaplan-Meier method. Freedom from reoperation, from catheter intervention, from tachyarrhythmia, and from PLE was also determined with this method. The linear regression analysis was used for the analysis of exercise capacity, and Pearson product-moment correlation coefficient (Pearson's r) and coefficient of determination (R 2 ) were calculated. For multivariable analysis, we used the multiple logistic regression method to establish the variables that were independently predictive of events ('Fontan completion later than the age of 18 months' and 'predicted VO 2 >70%'). Odds ratios with 95% confidence intervals were constructed. Final models were derived by the forward and backward stepwise selection procedure. Variables with a level of significance of less than 0.1 on univariable analysis were entered into the multiple logistic regression models. Data analysis was performed using Statistical Package for the Social Sciences (SPSS), version 22.0 for Windows (IBM, Ehningen, Germany).
RESULTS

Perioperative data
Patients in group B exhibited higher mean pulmonary artery pressure (PAP) (P = 0.029), more AVV regurgitation (P = 0.033), and more pre TCPC surgeries (P = 0.034) (Supplementary Material, Table S3 ). Lateral tunnel TCPC was performed in 50 patients, the remaining 410 patients received an extracardiac TCPC. The size of the tube used for extracardiac TCPC is shown in Table 3 . The median CPB time and the percentage of patients requiring aortic cross-clamping were significantly higher in group B. There was no statistical difference in aortic cross-clamping time, type and frequency of concomitant procedures, and frequency of fenestration between the 2 groups (Table 3) .
Postoperative recovery and mortality
Death within 30 days following TCPC occurred in 8 patients (1.7%), all in group B. The causes of death are shown in Supplementary Material, Table S4 . Thirty-day survival was 100% in group A and 98% in group B (P = 0.31). Median intensive care unit stay, median hospital stay, and the incidence of in-hospital morbidity were not significantly different between groups (Table 3) .
Follow-up
Of 452 early survivors, 10 patients (2.2%) were lost to follow-up after hospital discharge. The median follow-up period was 6.6 [2.3-11.7 ] years in the remaining 442 patients. Late death occurred in 14 patients. The cause of death was shown in Supplementary Material, Table S4 . One patient underwent heart transplantation 5 months after TCPC. The Kaplan-Meier estimated overall survival at 10 years was 95.6% in group A and 92.9% in group B (P = 0.82) (Fig. 1) . Cardiac reoperation was required in 4 patients (7.8%) in group A (1 atrioventricular valve procedure, 1 aortic arch reconstruction, and 2 secondary fenestration procedures) and 35 (8.6%) in group B (14 atrioventricular valve procedures, 5 ascending aorta/aortic arch procedures, 5 revision of TCPC tunnel, 3 aortic valve procedures, 1 resection of a subaortic stenosis, and 7 secondary fenestration procedures): the Kaplan-Meier estimated freedom from cardiac reoperation at 10 years was 93.7% in group A and 86.7% in group B (P = 0.73). Catheter intervention was required in 11 patients (21.6%) in group A and 70 (17.1%) in group B: Freedom from catheter intervention at 10 years was 60.0% in group A and 76.8% in group B (P = 0.13). Late-onset tachyarrhythmia was observed in 1 patient (2.0%) in group A and in 13 patients (3.2%) in group B: freedom from tachyarrhythmia at 10 years was 85.7% in group A and 95.7% in group B (P = 0.72). PLE developed in 1 
Cardiopulmonary exercise test
Data were available for 125 patients (group A: n = 6; group B: n = 119), followed for 8.7 ± 2.6 years. The mean peak VO 2 and the age-and sex-related corrected peak VO 2 was significantly higher in group A than in group B (Table 4 ). There was a significant negative correlation between age at TCPC and peak VO 2 [% predicted] (P = 0.001; Pearson's r = -0.295, R 2 = 0.087) (Fig. 2) . There was also a significant negative correlation between age at BCPS and predicted peak VO 2 (P = 0.008; Pearson's r = -0.278, R 2 = 0.077) (Fig. 3) . The interval between BCPS and TCPC had a significant negative correlation with peak VO 2 (P = 0.006; Pearson's r = -0.285, R 2 = 0.081) (Fig. 4) . In multivariable analysis, 4 factors were significantly associated with predicted VO 2 > 70% (57 of 125 patients (45.6%)): Younger age at TCPC (P = 0.005, odds ratio: 0.967, 95% confidence intervals: 0.945-0.990), higher weight at TCPC (P = 0.021, odds ratio: 1.112, 95% confidence intervals: 1.016-1.216), no concomitant pulmonary artery plastic (P = 0.037, odds ratio: 0.303, 95% confidence intervals: 0.099-0.929), and no fenestration (P = 0.036, Figure 1 : Kaplan-Meier estimate for freedom from death or transplantation in patients after total cavopulmonary connection (TCPC): comparison of groups dependent on the age at TCPC. Figure 2 : Correlation between age at total cavopulmonary connection (TCPC) and predicted peak oxygen uptake (VO 2 ). Table S5 ). The opposed influence of age and weight on predicted VO 2 was assessed in subgroup analysis; accordingly, patients in group A, who presented with more than 10 kg showed the best predicted VO 2 value (Table 4 and Supplementary Material, Fig. S2 ).
DISCUSSION
The present study demonstrates no differences in early outcomes in patients undergoing TCPC below or above 18 months of age. However, patients undergoing TCPC below 18 months benefit from better ventricular function and better exercise performance in the long-term.
Rationale for early Fontan completion
Earlier staged Fontan completion by early BCPS and TCPC avoids long-term cyanosis and the development of systemic-to-pulmonary collateral flow [17] . Progressive ventricular fibrosis as the sequelae of chronic cyanosis might be avoided resulting in preserved ventricular function [18] . As Pizarro et al. showed [9] , we decided to select patients undergoing TCPC before 18 months of age. Accordingly, our results demonstrate a better exercise capacity in patients undergoing TCPC before 18 months of age. In our study, all 4 patients with reduced ventricular function who underwent TCPC before 18 months of age demonstrated improved postoperative ventricular function. These results suggest a benefit of early TCPC even in patients with reduced preoperative ventricular function.
Concerns of early Fontan completion
Pulmonary vascular development is essential for a Fontan circulation. Therefore, early conversion to non-pulsatile blood flow was considered to adversely affect the growth of the pulmonary vascular bed [15] . However, more recent approaches to staged Fontan completion revealed that pulmonary vascular development is usually sufficient for Fontan completion in most patients by the age of 1 year [9] .
Recently, there were concerns about the start of PLE and liver diseases in patients with early high abdominal venous and portal pressure [19] . Our data do not support this potential disadvantage of early TCPC. The absolute number of patients with PLE was very low.
There might be limitations to apply the extracardiac TCPC to small children due to the lack of growth potential of the conduit. For us, a body weight of 10 kg serves as the cut off for the implantation of a conduit with a diameter of 18 mm [1] . By now, approximately 50 patients are full-grown. None of these patients required surgical revision for conduit exchange.
Exercise capacity
Aerobic exercise capacity is useful to objectify the functional capability of adults with congenital heart disease [20] . Shiraishi et al. [12] reported that TCPC before the age of 3 years yields in better exercise capacity in the long-term. In the presenting study, we demonstrated that TCPC before the age of 18 months showed better exercise capacity. Although there was significant difference, we recognized that the sample size is very small in group A. Therefore, we additionally performed correlation analysis between the age at TCPC and postoperative exercise capacity and risk factor analysis contributing to better exercise capacity. As a result, we found that there is an inverse relationship between age at the time of TCPC and peak VO 2 at 8 years of age, and that younger age at TCPC emerged as an independent prospective factor for higher peak VO 2 . From our cohort, we learned that the 'ideal Fontan patient' who underwent TCPC below 18 months at a body weight above 10 kg can reach a predicted peak VO 2 of more than 85%. These findings support the concept of earlier Fontan completion. However, the sample size in this study (data were available for only 6 patients in group A) is very small. Future evaluation with more patients is mandatory to confirm these results. In addition, it is well known that exercise capacity is reduced in patients following any type of Fontan procedure [15, 20] . How the 'ideal Fontan patient' will perform at an age of 30 or 40 years has to be evaluated.
Management strategy for early Fontan completion
Several prerequisites are essential to perform early TCPC with low morbidity. First, a staged Fontan strategy by volume unloading at the time of the BCPS is preferable. This avoids the potential deleterious effects of a sudden, marked volume reduction at the time of a 1-stage TCPC. Second, introduction of extracardiac TCPC since 1999 shortened the cardiopulmonary bypass time and avoided the aortic cross-clamp in patients who did not need concomitant intracardiac procedures. In our opinion, additional procedures should be performed either at the time of BCPS or whenever there is an indication. The TCPC can therefore be performed on the beating heart in order to avoid myocardial ischemia. Third, in our experience, modified ultrafiltration during TCPC, early extubation strategy which we adopted since 2009, and postoperative physical respiratory therapy are essential parts for a quick postoperative recovery. Ikai et al. [11] reported that patients below 10 kg at the time of TCPC experience longer intensive care unit stay and a larger volume of peritoneal drainage compared to bigger children. Our results showed no significant difference in intensive care unit stay and postoperative complications between the groups. It is of note that 53% of the operations were performed on beating heart in the study of Ikai et al., in contrast to 82% in the presenting study population.
Factors influencing early Fontan completion
In the present study, potential risk factors for adverse outcome following Fontan completion such as high PAP, AVV regurgitation, and a larger number of prior procedures were significantly less frequent in patients below 18 months at the time of TCPC. Hence, the better exercise capacity of patients who had undergone TCPC at 18 months of age might be attributed to a selection bias of 'better Fontan candidates'. However, lower age at the time of TCPC remained an independent protective factor for better exercise capacity, and none of the above mentioned risk factors influenced the predicted peak VO 2 in multivariate analysis. Therefore, there is strong evidence that early TCPC is essential to improve outcome.
Potential patient selection bias
According to the nature of retrospective study, the patient characteristics and preoperative conditions might have biased the outcome. To clarify these issues, we carefully determined the preoperative variables. There was no significant difference in genetic disorder, primary diagnosis, associated anomaly, or association of extracardiac anomalies.
As for the preoperative PAP, it was higher in group B. We think there were 2 reasons. One reason is the high incidence of staged Fontan completion in group A. As we showed in Table 2 , staged patients showed the lower PAP than non-staged patients. When we compare the PAP in staged patients, the difference was still significant but smaller. The other, maybe more important reason is, the age itself. As shown in Table 2 , systolic ventricular pressure (P < 0.001), aortic systolic pressure (P < 0.001) and aortic mean pressure (P < 0.001) were significantly higher in group B. There was also a tendency that PAP increased according to the patient age. However, the transpulmonary gradient had no statistical difference between the groups. As for pulmonary artery development, staged strategy following early BCPS avoided repeated placement of aorto-pulmonary shunts and thus prevented pulmonary artery distortion. Development of catheter interventions (balloon dilatation and stent implantation) enables to obtain optimal pulmonary vascular development without delay. We seldom experienced patients who must delay Fontan completion because of distortion or underdevelopment of pulmonary arteries in our series. Therefore, we cannot say that preoperative pulmonary condition was different between the groups.
As for the morphology and function of systemic ventricle, there was no difference in the incidence of dominant right ventricle, and patients in group A even more frequently demonstrated impaired ventricular function. Therefore, we cannot say that systemic ventricular condition was better in patients with early Fontan completion.
A prospective randomized study is needed to determine the ideal age for Fontan completion.
Study limitations
This study is limited by its retrospective, non-randomized, single centre nature. Data were not available at consistent follow-up periods for all patients. Qualitative analysis and grading are not the most accurate methods to assess ventricular function; however, they were performed frequently enough to document time-related changes in ventricular function in our cohort. Changes in surgical and medical management potentially affected long-term results.
